The effect of different thinning intensities on growth and yield was studied in Pinus sylvestris L. stands at the south-western limit of its distribution area (Central Spain), using five long-term thinning trials. Data were analysed collectively considering several factors (trial, block, plot and period) as random effects. Total volume and volume increment decreased with thinning intensity, this loss being more significant in the case of moderate and heavy thinning. No difference was found among treatments for total basal area or the increment in basal area. The results revealed an optimum basal area (Assmann's definition) between 85 and 100% of the basal area in unthinned plots. Volume growth loss associated with heavy thinnings (reduction of 18% in volume increment) was smaller than that reported in Central and Northern European regions (greater than 25%). Height increment was not influenced by thinning, whereas dominant and quadratic mean diameter increments increased with the thinning intensity. The response of diameter growth to thinning was greater at younger ages (less than 50 y) and in medium-sized trees.
INTRODUCTION
Besides regeneration felling, thinning is the most commonly applied silvicultural treatment, so the effects of thinning have always been studied as part of forest research science. However, despite the large number of thinning trials analysed, some with very long-term observations, discussion still exists regarding some aspects of the effects of thinning on growth and yield [10, 14, 16, 34, 43, 49] .
One of the topics at the forefront of these discussions is Wiedemann's hypothesis [3] or Langsaeter's curve [11] , which states that volume increment does not vary across a wide range of densities. Volume increment decreases beneath the lower limit of this range, but there is currently no agreement about what happens when stand density is very high [49] ; if the highest volume increment corresponds to the potential maximum basal area [10] or if there is a loss in volume increment at maximum densities [36] . * Corresponding author: delrio@inia.es
Another subject under discussion is the effect of thinning from below on the diameter growth of individual trees according to their relative size within the stand. Some studies report a lack of response to thinning, or only a slight response, in the diameter growth of larger trees [27, 45] , whereas others indicate a positive response in all size classes [10, 24] . However, the results depend on the studied species and the thinning intensity.
Because of the ecological and economic importance of Scots pine (Pinus sylvestris L.) and its large distribution area in Europe, a large number of thinning studies have been conducted for this species. However, the results of these studies differ regarding the response of the species to thinning, both in terms of volume increment [20, 25] and in diameter increment of dominant trees [8, 26] . It is probable that these conflicting conclusions are in part due to differences in trial and statistical methods [49] , which makes it difficult to generalise the conclusions. However, a large ecological variability of the species could also help to explain the discrepancies. Therefore, it is necessary to determine whether there is a common growth response to thinning intensity for a given species growing under different ecological conditions. To this end, the analysis of the data with GLM including random components acting at different levels (site, block, plot and inventory) has been proposed in several recent thinning studies [24] [25] [26] 45] . In Spain, there are several ongoing thinning experiments in Scots pine stands. In each experimental trial, the results are influenced by site particularities such as initial densities, snow damage, etc. [32, 33, 40] . Not all the trials have been used in these previous studies and a synthetic analysis of all of them has not been undertaken. However, more appropriate methods, and new inventories can contribute to improving the information derived from these trials. It would also be of interest to compare the response to thinning of Scots pine in the Iberian Peninsula, being the south-western limit of its natural distribution, with that detected in other regions. A comparison of yield tables from various European regions revealed a larger production in southern regions [29, 37] , which could also influence the effects of thinning on growth and yield.
The main objective of this study is to carry out a synthetic analysis of the effects of thinning on the growth and yield of Scots pine stands in the south-western distribution area. The hypothesis is that the response to thinning regarding growth and yield could differ among ecological regions. The cumulative production at different thinning intensities and the density ranges of Langsaeter's curve (density limits at which volume decreases) are analysed, as well as the effect of thinning on both the mean and dominant tree height and diameter growth. The results are compared with those from other experimental trials in central and northern Europe.
MATERIAL AND METHODS

Data
Data were obtained from 5 thinning trials belonging to a thinning experiment established in 1968 by the Forest Research Centre (CIFOR-INIA) in sites of different fertilities. The thinning trials were located in two of the main mountain regions in which the species is found in Spain, the Iberian and Central Mountain Ranges. All sites belong to the phytoclimatic subtype VIII(VI) [1] and are situated on acidic soils. The trials were installed in pure even-aged stands established through natural regeneration, except for Sg-1, where hole planting was employed using a spacing of 2 × 2 m. The site locations and the main characteristics of the trials are presented in Table I .
The thinning trials were carried out using a randomised complete block design, with three blocks per site and three or four treatments per block (Tab. I). The trials involved comparing different thinning intensities with a control treatment. All thinnings were undertaken from below and the thinning rotation was 10 years. The age at which the first thinning is performed varies among trials. Due to differences both in thinning intensities and in the number of thinnings applied, treatments were reclassified according to the percentage of average basal area over the whole period in relation to that of the control plots in each trial, using the same interval limits as those proposed by Mäkinen and Isomäki [25, 26] for Scots pine thinning experiments in Finland. The treatments tested were the following:
-Control (C) -no thinning. Only dead trees were removed. -Light thinning (T1) -average basal area 80-90% of that in the control plots. -Moderate thinning (T2) -average basal area 65-79% of that in the control plots. -Heavy thinning (T3) -average basal area < 65% of that in the control plots. This treatment was only applied in two experiments (Tab. I).
The plots were rectangular and varied in size from 0.08 to 0.13 ha with 10-m-wide buffers. The inventory interval was 5 years except for one of 10 years, resulting in 6 or 7 inventories per thinning experiment. In order to gather the data, all trees in each plot were identified with a number and marked at a height of 1.3 m so that the diameter would always be measured at the same point. In each plot, the diameters of all trees and the height of a sample of 40 trees were measured, 30 of these proportionally to the diameter distribution for mean height estimation and 10 dominant trees for top height estimation.
Height-diameter equations were adjusted for each plot to estimate non-measured tree heights and age was also included as an independent variable [9] . Tree volume was calculated from tree diameter and height using a tree volume function [28] . Stand and tree attributes calculated for each plot and inventory provided the data for the analysis. In Table II , the main stand variables per thinning trial at the beginning of the experiment are shown.
Dead trees were considered as 'removed stand'; therefore, cumulative volume, basal area and their respective increments included 
Dependent variables
The effect of different thinning intensities on growth and yield was evaluated by analysing both stand and average tree attributes as dependent variables, either cumulative values or absolute and relative increments. The variables analysed were: V, cumulative volume (m 3 /ha) (current volume plus volume removed in the thinnings); VI, volume increment (m 3 /ha/year); VI rel , relative volume increment (volume increment/stand volume at the beginning of the growth period); VI T /VI C , volume increment in thinning treatments (VI T ) in relation to the volume increment in control plots (VI C ) (%); G, cumulative basal area (m 2 /ha) (current basal area plus basal area removed in the thinnings); GI, basal area increment (m 2 /ha/y); GI rel , relative basal area increment (basal area increment/stand basal area at the beginning of the growth period); Ho, dominant height (m) (mean height of the 100 thickest trees per ha); HoI, dominant height increment (m/y); Hm, mean height (m); HmI, mean height increment (m/y); Do, dominant diameter (cm) (mean diameter of the 100 thickest trees per ha); DoI, dominant diameter increment (cm/y); Dg, quadratic mean diameter (cm); and DgI, quadratic mean diameter increment (cm/y).
Langsaeter's curve
The Langsaeter curve was studied by analysing the relationship between the volume increment in thinned plots in relation to the mean volume increment in control plots (VI T /VI C %) and the residual basal area (percentage of basal area in thinned plots in relation to the mean basal area of control plots) (G T /G C %). According to Assmann [3] , this relationship allows the following variables to be defined: Maximum basal area (basal area of control plots, G T /G C = 100%); Optimum basal area (basal area in which the volume increment is maximum); and Critical basal area (basal area in which 5% of the volume growth is lost).
Statistical analysis
The pattern of correlation between observations can be considered by formulating a mutilevel mixed model including random effects [42, 46, 47] , which define systematic departures from the average value specific to observations coming from the same trial, block (common site effects on different spatial scales) or inventory (temporal dependence). Trial × treatment, block(trial) × treatment and trial × inventory × treatment random interactions were also evaluated. Other complex interactions at three levels or more were not taken into consideration. The proposed expression for the complete mixed model is:
where y ijsb indicates the observation for the variable y taken in a plot with treatment i, located in block b within trial s, measured on inventory j; f (treat i , age j ) represents the fixed part of the model, depending on both treatment effect and time-dependent covariate stand age; trial s , block(trial) b , treat × block(trial) sbi , (trial × inventory) sj , (trial × treatment) si and (trial × treatment × inventory) sij are random effects, following a normal distribution with mean zero and variance σ Model (1) represents the complete model. To avoid overparameterisation an iterative sequential procedure was proposed to define the appropriate model structure for each response variable. The initial model evaluated included intercept and treatment as fixed effects along with a completely random structure, including all the random components mentioned in (1). This basic model was compared with models which had the same fixed effects but a simpler random structure (after discarding some of the random components). Contrasts were performed by applying restricted log-likelihood tests after restricted maximum likelihood (REML) estimation. Once a preliminary random structure had been selected, the inclusion of additional fixed effects was evaluated sequentially; testing the inclusion of age, treatment × age and the quadratic forms age 2 and treatment × age 2 in terms of log-likelihood ratio tests, applied after maximum likelihood (ML) estimation. Quadratic terms in the model were only adjusted after considering linear terms. Each time a fixed effect was selected for inclusion in the model, the random structure was re-evaluated and the process was repeated until an appropriate structure for the model was defined.
Once the structure had been defined, the models were fitted following REML techniques. Multiple pairwise comparisons among the adjusted least square means of the treatments at ages 40, 60 and 80 were then performed. Degrees of freedom were adjusted using the Kenward-Rogers procedure [23] . Graphical comparisons were also carried out by plotting the marginal fixed effects response for each treatment.
RESULTS
Cumulative volume and basal area
The thinning treatment, the quadratic effect of age and the interaction of treatment × age were statistically significant for cumulative volume, whilst in the case of volume increment, the significant fixed effects were treatment and age (Tab. III). Cumulative volume presented the highest value in non-thinned stands, decreasing with thinning intensity (Fig. 1) . Nevertheless, volume loss due to mortality in the control treatment totalled 16.64% of the cumulative volume at the last inventory. Differences among treatments increased with stand age (Tab. IV). Both in the case of cumulative volume and volume increment, comparisons among treatments revealed only small differences between control plots and those with light thinning treatments as well as between moderate and heavy thinning (Tab. IV). Neither basal area nor its increment presented a significant treatment effect (Tab. III) but the interaction of treatment × age was significant in the case of basal area, particularly at older ages when the differences among treatments were greater (Tab. IV).
Another way to approach the effect of thinning on stand production is to analyse the percentage of volume increment in relation to the mean of the same increment in the control plots (VI T /VI C ) [3] . The only significant fixed effect for this variable was the thinning treatment, although this explained less than 10% of the variability (Tab. III). Light thinning values differed from those for moderate and heavy thinning, the percentage volume increment being significantly higher for the former (Tab. IV). The relationship between this percentage of volume increment and the residual basal area (percentage of basal area in thinned plots in relation to the basal area of control plots, G T /G C ), is presented in Table V . It was found that a residual basal area of about 83% caused a small loss in volume growth (< 8%) and, as residual basal area decreased (less than 70%), the drop in volume growth accelerated, reaching a loss of 19% when basal area in relation to the control was 61%.
Relative volume and basal area increments
Thinning treatment effects and the interactions of treatment × age and treatment × age 2 were found to be significant for relative increments in volume and basal area (Tab. III). These fixed effects explained most of the variability of both increments. Comparisons between treatments revealed statistical differences for all the studied contrasts at younger ages but not at the oldest age (Tab. V). The greater the intensity of the thinning, the higher the relative growth values reached (Fig. 2) . 
Mean and dominant height and diameter
It was found that dominant height was not influenced by thinning, even when heavy thinning was applied (Tab. VI). Neither the mean height nor the increment in this variable showed any significant effects for treatment and the interaction of treatment × age was found to be significant for mean height only. Differences in mean height between non-thinned and thinned plots were found at older ages (Tab. VII).
The results for dominant diameter revealed a quadratic effect for age and an interaction between age and treatment (Tab. VI). In spite of the significant effect of the thinning treatment on the increment of larger trees, no differences in dominant diameter were detected among the different treatments (Tab. VII). We found significant differences in dominant diameter increment in all the contrasts between treatments except for moderate vs. heavy thinning, while the largest differences occurred between these treatments and the control plots (Tab. VII).
The thinning effect was more obvious for quadratic mean diameter than for dominant diameter (Fig. 3) . We found that both the treatment and the interaction of treatment × age were significant fixed effects for both the quadratic mean diameter and its increment variables, and that treatment × age 2 was also significant for the quadratic mean diameter (Tab. VI). The values of the mean diameter between control plots and thinned plots differed greatly, but differences among the three thinning treatments were not so marked (Tab. VII). The quadratic mean diameter increased with thinning intensity, and these differences became somewhat greater with age. However, regarding the increment in the latter, differences among treatments decreased with age.
DISCUSSION
Cumulative volume and basal area
There was a significant loss in cumulative volume and volume increment when moderate or heavy thinning were applied, whereas differences were not significant or only slightly significant between light thinning and control treatments. The behaviour of cumulative basal area was similar to that of cumulative volume (same treatment order, Fig. 1 ) but differences among treatments only appeared at older ages and no Variable  Age  C-T1  C-T2  C-T3  T1-T2  T1-T3  T2-T3  V  4 significant loss in basal area increment was observed. Vuokila [48] found a similar behaviour for cumulative basal area in a Finnish thinning trial, but findings for basal area growth are more conflicting, with some reports even finding the highest basal area growth for light thinning [12, 20] . The effect of the interaction of treatment × age in cumulative volume and basal area is more related to the cumulative effect of differences among treatments in the respective increments (VI and GI) over time than to a different response to thinning with age, since this effect is not significant for volume and basal area increments.
Cumulative volume and volume increment showed a decreasing trend as thinning intensity increased. Therefore, Langsaester's curve, which shows the pattern of the production-density relationship, would be an increasing asymptotic function, with the highest level of production for basal area ranging from 85-100% of the potential maximum basal area or density (Fig. 4) . Many control plots presented the maximum density according to the self-thinning trajectory proposed by Río et al. [39] , but no reduction in growth was detected in any of them.
According to Assmann's approach in his study of the effect of thinning on growth [3] , this pattern would mean that the maximum and optimum basal area would have the same value. Other long-term thinning experiments in Scots pine stands found a similar pattern at high densities [12, 19, 25] . Some studies reported a higher volume growth with light thinning (optimum basal area of 90%) at younger stages of development [7, 20] and in Scots pine forests growing in areas with limited resources (low fertility sites or arctic timberline), as stated by Mielikäinen [31] and Varmola et al. [45] . However, in our study, the lack of significance of trial and age effects with respect to the variable VI T /VI C (Tab. III) indicates Table V . Relationship between current increment in volume in thinned plots in relation to the control plots (VI T /VI C ) and basal area in thinned plots in relation to the control (G T /G C ) for the different treatments. a similar behaviour for different site qualities and ages. The relationship between this variable (VI T /VI C ) and basal area in relation to the control (G T /G C ) by age classes (Fig. 4) does not reveal any trends with age. Mäkinen and Isomäki [25] also pointed out that the character of volume increment reactions after thinning was independent of site fertility conditions in Finland.
Regarding the loss of volume growth with thinning, the relationship between volume increment in relation to the control (VI T /VI C ) and basal area in relation to the control (G T /G C ) (Tab. V) reveals a critical basal area (in which 5% of the volume growth is lost) over 83% of the basal area in unthinned stands. This figure agrees with the value proposed by Assmann [3] for Scots pine, which was based on several thinning experiments in Central Europe. Some authors suggest a critical basal area varying with age [7, 21] , with values from 65-75% at young ages (approximately 35 years old) and 85-90% for older stands (from 40 to 55 years). In our study, however, age does not seem to influence this variable (VI T /VI C ).
The observed volume loss associated with heavy thinning is small compared with that reported for Scots pine in Northern Kellomäki and Kolström [18] , using a growth model which included soil and climatic variables, found that the yield loss due to heavy thinning in Scots pine stands in southern Finland was reduced when an increase in the mean temperature was simulated. Several thinning studies have also reported an improvement in tree-water status in heavily thinned stands during the vegetative period if water is a limiting resource [4, 15, 22] . In the southern locations of Scots pine, under Mediterranean conditions, water is the most limiting resource to growth, so the longer growing season could allow the trees remaining after a heavy thinning to compensate more rapidly for the loss of yield associated with the lower density.
Relative volume and basal area increments
Higher relative volume and basal area increments were found for thinning treatments, increasing the growth rate with thinning intensity, although the differences between treatments tended to decrease with age (Fig. 2) . This better response to thinning at younger ages reflects the interaction of treatment × age and indicates the suitability of early thinning for this species. On the other hand, differences found in relative basal area increment reveal greater growth for the same basal area when heavy thinning is applied. Some basal area growth models assume that initial basal area and age provide sufficient information to predict future basal area [2, 5, 6, 30, 38] , but the results for relative basal area increment support the need to include a thinning response factor when modelling basal area growth [17] in Scots pine stands.
Mean and dominant height and diameter
The results confirm that dominant height is not influenced by thinning intensity when thinnings from below are applied, corroborating the suitability of this variable as a site quality indicator. The observed increase in mean height as thinning intensity and age increase (treatment × age effect) is in fact a technical increment, since the dominated trees were removed in successive thinnings. Other studies have also reported little effect of thinning on height growth for Scots pine [25, 44] .
One of the objectives of thinning is to produce larger trees, which is clearly achieved by applying heavy thinning from below. According to the results, the heavier the thinning intensity, the higher the quadratic mean diameter. Most of the thinning experiments reported similar results for quadratic mean diameter, but the case is not so clear for dominant diameter. Mäkinen and Isomäki [25] found significant differences in dominant diameter, but in other studies, as in the present study, no differences were reported [8, 45] .
Both dominant and quadratic mean diameters are influenced by site and initial stand conditions, reflected in the significant trial and treatment × block (trial) effects (Tab. VI). However, their increments were more influenced by growth period characteristics (trial × inventory effect). On the other hand, thinning from below produces a technical increment in mean diameters due to the removal of the thinnest trees. Therefore, it is more appropriate to analyse diameter increments since they more faithfully reflect the effect of thinning. The quadratic mean diameter increment increased with thinning intensity and the differences among treatments decreased with age (treatment × age effect), again revealing that the response to thinning is greater at younger ages [13] . However, the differences among treatments were greater for the quadratic mean diameter increment than for dominant diameter increment (Tab. VII). This result agrees with the findings of Kramer and Röös [21] , who found the smallest differences between thinning intensities in the larger diameter classes. Pukkala et al. [35] reported a greater thinning response in medium-sized trees, while Mäkinen and Isomäki [25] found a decreasing thinning effect with increasing tree size. All these results seem to support the idea that in Scots pine stands, thinning from below favours the development of intermediate trees more than dominant trees.
In conclusion, it should be underlined that thinning in Scots pine stands does not lead to an increase in cumulative volume or volume increment. Greater total volume and volume increment are obtained with an optimum basal area of between 85 and 100%, which corresponds to control and light thinning treatments. Basal area increment is not affected by thinning intensity and neither are mean or dominant height increments. Thinning does, however, influence diameter increment, especially in medium-sized trees. In general, our results agree with those from long-term experiments. The main regional differences found between southern and northern European growth patterns after thinning are related to volume loss after heavy thinning, with smaller losses in SW-European stands.
